I. INTRODUCTION
This paper proposes a multiphase resonant converter with a new current multiplier as an output stage for lead acid battery charger applications. Chargers for low-voltage high-current batteries should provide high output current in order to comply with the charging profile of the battery. In high-current applications, the conduction losses are a major design issue [1] . Nowadays, the new wide bandgap devices (WBD) make it easier to achieve high efficiency at high current levels with important simplifications in the power circuit [2] . However, the cost of WBD is still high. As an alternative, in multiphase structures, the current is shared among different parallelized stages, which enables low-cost components to be used [3] .
IT. CHARGING METHOD
Currently, lead acid battery technology is being upgraded to fulfill the power demands for micro-hybrid cars at lower costs than other advanced technologies [4] . The high-performance AGM battery is an example of this development. These batteries present lower internal resistance for additional power, deeper discharges and quicker recharging, higher corrosion resistance for longer service life with reduced self-discharge when stored on the shelf. The main features of the AGM battery, especially designed for vehicles with advanced Start-Stop functionality with regenerative braking, are: 12 V nominal voltage, 105 Ah nominal capacity at C/20 measured at 25°C and low internal resistance. A conventional constant currentconstant voltage (CC-CV) based charging method is shown in Voltage and current profiles shown in Fig. I were obtained using the SBT 10050 High Power Equipment. It can be observed that the constant-current stage is the most efficient during the charge of a fully discharged battery. During this stage, the battery is supplied with the highest current level. The experimental study of the battery under test determines that the maximum battery voltage must be limited to VBal(Max)=14.4 V in order to avoid electrolyte loss. Therefore, during the constant voltage charging stage, the voltage is set to the maximum, VRat(Max)=14.4 V, so that the battery current decreases as the charging process continues. Finally, it should be taken into account that in order to avoid an overcharge situation, gas production and consequently the battery degradation, limitation of the current ripple is mandatory.
Ill. MUL TlPHASE LCp RESONANT CONVERTER
The proposed battery charger is based on a multiphase resonant converter. The AC side is a multiphase resonant inverter, which consists of N paralleled LCp class D sections [5] .
The DC side consists of a new current multiplier stage, derived from the current-doubler rectifier [6] . The circuit and the battery in steady-state with its internal impedance, rRat, plus an ideal voltage source VRat, are shown in Fig.2. 978-1-5090-3474-1/16/$3l.00 ©2016 IEEE The proposed converter is analyzed considering the phase angle of all independent midpoint voltages Vk . To illustrate this assumption, the midpoint voltages Vk are shown in Fig.3 . Using the fundamental approximation, the input voltages, Vk, can be represented by phasors given in (1), (1) where k E [1 ,2 ... N] and N is the number of phases of the resonant inverter stage.
A.
Current Multiplier
The charging current circulating through the output rectifier stage is a major design issue. A current multiplier is proposed as a rectifier stage, which is obtained from the parallel connection of two current-doubler rectifiers. The advantages of the proposed configuration are similar to the original current doubler rectifier and are related to lower conduction losses and simplification of the transformer in comparison to its center tap rectifier counterpart [7] . Since the output filter removes the high-frequency ripple, the low ripple approximation [8] With the first harmonic of a square waveform, the relationship between the AC and DC side currents is given by,
where J ac, is the amplitude of the transformer's primary current and n is the transformer's turns ratio (n: 1: 1). On the other hand, the output voltage, �)' is obtained as the mean value of the full wave rectified voltage. 
The value of rRat depends on the battery's state of charge (SOC) and for AGM technology is rather small (rRat«1 Q). For simplicity's sake, rRat is neglected and only the term VRari10 is considered in (5) . Finally, by using (1-5), the simplified circuit of the resonant converter can be shown in Fig. 5 . The analysis of the proposed resonant converter is carried out using the simplified circuit shown in Fig.5 . The main features of the resonant converter are defmed by the parameters shown in Table 1 . 
Distribution a/Currents
The proposed LCp resonant converter is designed as a current source by fixing the switching frequency at OJ=Uj" where Uj, is the parallel resonant frequency, given in Table 1 . During the constant current stage, the current source behavior of the converter provides inherent current limitation, protecting the battery and extending its life. The analysis of the resonant converter is carried out considering the switching frequency, OJ=up, to be constant and the angles \}1o, \}I J, \}I N-J as the control parameters. The inductors' current phasors are given in (6),
The phasor of the output current on the AC side, lac, is calculated by (7) .
From (7), the current source behavior can be verified given that the output current on the AC side has no dependence on the load. The optimum operation of the multiphase converter is achieved when the distribution of currents among the inverter sections is balanced. Under this condition, each inverter section handles only a fraction of the AC side load current, so that LrLi N. For maximum output current (\}I=OO), the ratio of the AC output current, la c, to the inductors' current amplitude, ik, is given by,
In order to achieve balanced current sharing among all resonant phases, a value of quality factor, Qp<1 is desirable.
C

Variation a/the Quality Factor
During the charging process, Rae changes depending on VRat and 10, whose relationship is given by the charging profile of the battery, shown in Fig. I . During the constant current stage, Ro rises up to VRat(Max/1o. At the end of the constant current stage, the output power is maximum. Working with (2) and (7), the maximum charging current is imposed with \}Io=\}I I=\}IN-I=O° and is given by,
From (9), it can be observed that the output current capability of the multiphase converter can be enhanced by increasing the number, N, of paralleled phases. On the other hand, during the constant voltage stage, the charging current must be adjusted in order to avoid the battery voltage being exceeded VRat(Max). The current is adjusted through the control angles \}1o, \}I I, \}IN-I, while keeping the switching frequency constant. Different patterns are possible for adjusting \}II, \}I2 and \}IN-I.
For any value of N, the full control of the charging current is achieved if the phase shift is evenly distributed among all phases, e.g. \}Io=O°, \}II=\}I, \}I2=2\}1 ... \}IN_I=N\f. In this case, the minimum current io=OA is achieved at \}I=3600/N. This pattern requires N control signals. For even values of N, the full control of the charging current can be achieved by shifting the phases by pairs, e.g. for N=4 then \}IO=\}II=O° and \}I2=\}I3=\}I. In this case, the minimum lo=OA is achieved at \}I= 180° and only two control signals are required, which implies a simplification of the control circuit. The normalized amplitude of the charging current, 10, is depicted in Fig. 6 as a function of the control angle, \}I and considering the control pattern where all phases are evenly shifted. Full control of the charging current over the whole battery charging process facilitates the counting of ampere-hours in order to calculate the supplied capacity. The reduction of the charging current during the constant voltage stage leads to a significant increment in the equivalent resistance Ro and consequently, the reflected impedance on the AC side, Rae, and the quality factor Qp also increase. Assuming that VBal(Max) is constant and working with (7), (5) and (2), the variation of the quality factor is given in (10), (10) The Qp variation due to the current adjustment is represented in Fig. 7 as a function of the control angle 'P. All phases are evenly shifted, 'P o =O°, 'P I = 'P. 'P 2 =2'P ... 'P v_ / = N'I' .
IV. EFFICIENCY OF THE CONVERTER
The overall efficiency of the resonant converter is calculated usmg,
where 1]1 is the efficiency of the resonant inverter stage and 1]R is the efficiency of the output rectifier stage.
A. E f ficiency afthe Inverter.
The conduction losses are significant in high current applications. The efficiency of the resonant inverter stage, 1]r, considering the conduction losses only [9] is (12)
The resistor r in (12) represents the rdson of the transistors as well as the ESR of the inductors
where Zr. is the impedance of the inductor at the switching frequency and Qr is the quality factor of the inductor. The efficiency, 1]r, is plotted in Fig. 8 as a function of the control angle, 'P. For all cases, the output current is the same, the value of r= 1 Q is assumed and the transformer turns ratio is n= 2. The value of Zp=80Q is assumed for N=4 and values of Zp=60Q and 40Q for N=3 and 2, respectively. The plot was obtained taking into account the variation of Qp given in (10) and a phase shift evenly distributed among all phases. From Fig. 8 , it can be observed that the highest value of efficiency, 1]J(max), is achieved at 'PO='P1='PN-J=0°. Upon substitution of'Po='P1='PN-J=0° in (12), the maximum value of efficiency is obtained, which is a function of the ratio rlRac, the initial value of the quality factor, Qp, and the number of phases, N.
From (14), the maximum efficiency of the inverter stage, 1]1(mox), can be improved by increasing the number of phases N as can also be observed in Fig. 5 .
The value of 1]J(max) is used as a criterion in order to define the appropriate number of phases, N. From (14), it is also assumed that 1]J(max) can be improved by increasing Roc. The straightforward way to increase Roc is through the transformer turns ratio, n. However, it should be considered that Qp also increases, which could jeopardize the ZVS mode of the converter transistors. Taking into account the tight correlation among, N, Qp, nand rlRac, the design process to fmd a suitable value of these parameters may involve iterative cycles.
B. E f ficiency of the Output Current Multiplier.
The proposed two-phase output current multiplier presents lower conduction losses than its center tap rectifier and the conventional current-doubler counterparts. The rectifier efficiency, considering only the conduction losses, is obtained through the analysis of the current paths shown in Fig. 4 . Considering a lossless transformer, the efficiency is calculated according to,
where VJJ and rJJ are the voltage and dynamic resistance of the linear model of the diode and ru, is the ESR of the filter inductors Lo1-Lo�. In comparison to the resonant inverter stage, where maximum efficiency is achieved at full load operation, the efficiency of the rectifier stage improves under light load condition. This characteristic yields an overall efficiency of the resonant converter with a wide flat zone.
V. SWITCHING MODE AND COMPLEX POWER
The switching losses are minimized by achieving the zero voltage switch (ZVS) on the primary side of the converter. The ZVS mode requires a phase delay of the resonant current with respect to the input voltage. In order to determine the power factor angle, rjJk, of each transistor's leg and to study the power distribution, the complex power for each generator Vk is calculated in (16). From (16) the power factor angle, rjJk is obtained by using rjJk=angle(Sk) as a function of the control angles, \}1o, \}II, \}IN-I, the number of phases, N, and the quality factor, Qp.
Upon substitution of \}I o=\}I 1=\}IN-I=O° in (16), the power factor angle at maximum output current is obtained:
The value of the quality factor defines the ratio of active power to reactive power handled by each inverter section. In this way, a high value of Qp reduces the reactive energy in the resonant converter and improves the efficiency. However, some reactive energy must be accepted for assuring the ZVS mode of all transistors. The minimum value of power factor angle ¢'zvs depends on the dead time, td, of the driver transistors and the switching frequency [10] .
rjJ =�.3600
The total complex power, S=SI+S2 ... +SN, IS calculated through,
VI. DESIGN OF THE RESONANT CONVERTER
Next, the step-by-step design procedure is summ arized.
1) The maximum battery voltage is VRat01ax)=14.4V. Although the maximum charging current specified in the charging profile is 20A, the output current capability of the circuit is set at io=25A. The converter supply voltage is Vdc=400V which is the output voltage of a previous front-end PFC stage. The switching frequency is set at ap=21t(125kHz).
2) The transformer turns ratio, n, and the number of phases, N, are calculated taking into account as a criterion the maximum efficiency of the inverter stage, 1]1(Max). Upon substitution of (9) and (10) 3) The efficiency of the rectifier stage is calculated taking into account the conduction loss model of the Schottky diode STPS60SM200CW from ST with VlJ = 0.58V and rlJ = 0.0037Q. The filter inductors are Vishay IHLP-8787MZ with L=75f.1 H and rr,r,=30mQ at 25°C. Taking into account the temperature effect, the value rr,r,=150mQ is assumed.
Upon substitution of VlJ, rlJ. VBal(Maxj, ru, and io=25A in (15), the efficiency of the rectifier stage at maximum charging current is 17R = 0.902 so the overall efficiency is 17 = 17117R=0.863.
4) The characteristic impedance is obtained from (9), Zp =128Q. The parallel quality factor is calculated from (10), Qp =0.355, which yields an initial value of the power factor angles (h,2,3,4=70°, well above of the minimum value ¢Zvs =(0.7Ils/8Ils)·360o =3 I'so. From Table I , the reactive components are: L=Z/ap=163IlH and Cp=4IapZp =40nF. The output capacitor is C) =220JlF.
VIT. EXPERIMENTAL RESULTS
The practical components of the resonant tank used in the prototype are: L=160IlH, Cp =40nF. The capacitor Cs is chosen to be high enough to block the DC current through the transformer, Cs =IIlF. The practical implementation was carried out using the IRF840LC MOSFET transistor with the IR2111 circuit as the driver. The resonant inductors were implemented using the RM I2 core of 3C96 material. As the number of phases is even (N=4), the full control of the charging current is achieved by shifting the phases by pairs, i.e. 'Po ='PJ =O° and 'P 2 ='P3='P. Experimental waveforms are shown in Figs. 9 and 10. The maximum value of experimental efficiency of the proposed charger was 11=84% and this was achieved at 'P=I 01 0. The experimental efficiency is lower than the theoretical value due to the losses due to the transformer, PCB and connectors among others, not included in the model.
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CONCLUSIONS
The analysis and design of a multiphase resonant converter for battery charger applications has been presented. Since the load current on the AC side is shared among four equal sections, the circuit presents high output current capability using low cost power MOSFETs. The proposed output rectifier based on a current multiplier also diminishes the conduction losses by using passive components. The control is performed at constant frequency while maintaining the zero voltage switching (ZVS) mode at any operation point. The converter is designed to meet all requirements to extend the battery's service life and preserve its performance.
